We present high angular resolution VLA observations of the C92a, C110a, and C166a radio recombination lines of carbon from the region of massive star formation known as S88B. The observations reveal that the carbon emission arises from two distinct components that are intimately associated with the compact (S88B2) and cometary (S88B1) regions of ionized gas within the complex. The brighter carbon component has an angular size of an average line-center velocity of 21.0^0.5 km s~1, D6A .6, and an average line width of 5.1^1.0 km s~1 ; it is associated with the compact H II region. The second component has an angular size of D16A and is found projected toward the head of the cometary-like H II region. The average center velocity and width of the carbon line emission are 21.1^0.7 km s~1 and 5.1^1.7 km s~1, respectively. The spatial location and velocity of both carbon regions suggest that the emission arises in layers of photodissociated gas at the interface between the molecular cloud and the regions of ionized gas that are undergoing a champagne phase. From a model analysis of the dependence of the recombination line intensity with principal quantum number, we conclude that the carbon emission originates in warm photodissociated regions. The electron temperatures and electron densities of the photodissociated gas range between 400 and 600 K and between 40 and 80 cm~3, respectively. Further, we Ðnd that stimulated ampliÐcation of the background H II region continuum radiation contributes signiÐcantly to the carbon emission in both components. We also detected emission in sulfur radio recombination lines from both components. We Ðnd that the ratios of sulfur to carbon line intensities are considerable larger than the [S/C] cosmic abundance ratio and that they vary with principal quantum number, with values in the range between 0.3 and 0.6. We attribute the large values of the intensity ratios to depletion of carbon in the gas phase by a factor of D5 and the variations with principal quantum number to stimulated emission e †ects in a region of low electron density cm~3) (n e D 3 and low temperature K) that surrounds the C`region. (T e D 50
INTRODUCTION
Recently formed massive stars are frequently found embedded in the dense cores of molecular clouds, out of which the luminous stars presumably formed (Churchwell, Walmsley, & Cesaroni et al. 1990 ; Cesaroni 1991 ; Plume, Ja †e, & Evans
The stellar radiation shortward of the 1992). Lyman limit (j \ 912 ionizes the gas around the recently Ó) formed star, creating a compact region of ionized gas. On the other hand, the UV stellar radiation longward of the Lyman limit escapes the H II region and dissociates most molecules and ionizes atoms with ionization potentials less than 13.6 eV around the H II regions, giving rise to regions of partially ionized gas, also called photodissociated regions (PDRs) . Since the most abundant of these atoms is carbon, radio recombination lines of carbon are potential probes of the physical conditions and kinematics of the partially ionized gas surrounding H II regions (Gordon 1988 ; & Goss Roelfsema 1992) . Carbon radio recombination lines arising from C`ions in partially ionized transition layers between H II regions and molecular clouds, Ðrst detected by et al. Palmer (1967) toward Orion A, have been observed with single-dish instruments toward about a dozen H II regions (Zuckerman & Ball Thomasson, & Barshun 1974 ; Pankonin, 1977a ; et al. & Terzian Pankonin 1977b ; Silverglate 1978 ; Phillips, & Terzian Pankonin 1980 ; Onello, 1991 ; Natta, Walmsley, & Tielens & Phillips The 1994 ; Onello 1995) . interpretation of these observations has, however, proved to be difficult (see the reviews by Lockman, & Knapp Brown, & Goss The strength of the C`line 1978 ; Roelfsema 1992). emission depends not only on the physical conditions of the partially ionized medium but also, through the e †ect of stimulated emission, on the location of the C II region with respect to the H II region. Hence, the determination of the physical properties of PDRs (such as the density and temperature) from observations of C`recombination line emission with low angular resolution is not straightforward. A major unresolved question is whether the line emission is dominated by spontaneous transitions (e.g., Accordingly, we have started a long-term project of VLA observations of carbon radio recombination line emission in di †erent frequencies and di †erent conÐgurations, toward several complex regions of ionized gas. The high angular resolution spectroscopic observations should provide the required information, such as the location of the C II region with respect to the H II region, to undertake a detailed modeling of the C`emission and hence allow the possibility of determining the physical conditions of the PDR. \ n e \ 100 the coarse angular resolution of the single-dish observations, the spatial relationship between the carbonemitting region and the H II regions could not be established, and hence it was difficult to distinguish whether the carbon line emission corresponds to stimulated emission amplifying the continuum radiation of the H II regions or spontaneous emission. To investigate the nature of the photodissociated region toward S88B in more detail, we made observations of three carbon radio recombination lines with high angular resolution. The main goals of these observations were to determine the physical characteristics of the photodissociated gas, to establish its spatial and kinematical relationship to the regions of ionized gas in S88B, and to determine whether the observed C`emission is mainly spontaneous or stimulated emission.
OBSERVATIONS
The observations were made with the Very Large Array (VLA) of the National Radio Astronomy on Observatory,1 1995 March 28 (C92a line), 1996 March 21 (C166a line), and 1996 March 30 (C110a line). The carbon lines were observed using two intermediate frequencies (IFs) of the four IF spectral line mode of the VLA. The other two IFs were used to simultaneously observe hydrogen recombination lines. The results of the later observations will be described in a separate paper. In each epoch we observed for 10 hours under good weather conditions. Each 20 minute scan on source was paired with a 4 minute calibration scan on 1923]210. The phase center of the array was set at and a(1950) \ 19h44m43s .0 d(1950) \ 25¡05@20A .0. For the C92a observations we used a bandwidth of 3.125 MHz and 63 spectral channels, each 48.828 kHz wide, which provided a velocity resolution of 1.76 km s~1. The two IFs were centered at the frequency of the He92a line (8312.769 MHz) for an LSR velocity of 22 km s~1. For the C110a observations we used a bandwidth of 1.5625 MHz and 127 spectral channels, each 12.207 kHz wide, which provided a velocity resolution of 0.75 km s~1. The IFs were centered at the frequency of the C110a line (4876.589 MHz) for an LSR velocity of 22 km s~1. For the C166a observations we used a bandwidth of 0.78125 MHz and 127 spectral channels, each 6.1035 kHz wide, which provided a velocity resolution of 1.28 km s~1. The IFs were centered at the frequency of the C166a line (1425.445 MHz) for an LSR velocity of 22 km s~1. The basic observing parameters are summarized in Columns (2)È (7) give, respectively, Table 1 . the array conÐguration, the observed carbon line, the number of channels per IF, the channel separation, the total integration time on source, and the observed calibrator used to normalize the bandpass response.
The data were edited and calibrated by applying the complex gain solution from the calibration source following the standard VLA procedures. The Ñux density scale was determined by observing the source 3C 286, for which we assumed Ñux densities of 14.8, 7.5, and 5.3 Jy at 20, 6, and 3.6 cm, respectively. The VLA spectral line system also provides a continuum channel that records the average power of the central 75% of the total available bandpass. This continuum channel was self-calibrated in phase (Schwab using the Astronomical Image Processing System 1980), (AIPS) task CALIB, and the phase corrections were applied to all spectral line channels. To produce maps of line emission, we subtracted an average of all line-free channels from the visibility data of each individual channel, using the task UVLIN. The (u,v) line data were then Fourier transformed and CLEANed using the MX algorithm. Furthermore, in order to produce images with similar angular resolutions at the three observed carbon lines, we also made maps using Gaussian tapers of 20 and 10 kj for the C110a and C166a line observations, respectively. We note that in these maps the sensitivity to low surface brightness emission was considerably improved. The resulting synthesized half-power beamwidths are given in column (8) of
The rms Table 1 . noise per beam solid angle in a single spectral line channel map are given in column (9) of Table 1.
RESULTS
We detected emission toward the S88B complex in all three observed carbon radio recombination lines. Maps of the C92a, C110a, and C166a average line emission are shown in (crosses mark the position of the peak Figure 1 radio continuum emission from the B1 and B2 H II regions). We Ðnd that the C`line emission arises from a region with a size of D34A ] 18A, which is closely associated with the H II regions. The quoted size corresponds to the geometric average of the individual sizes observed in each of the three transitions. The peak of the C`emission lies near the peak of the most compact H II region. We have separated the Cè mission as arising from two distinct components : a compact component with a deconvolved FWHM angular size of associated with the compact H II region S88B2 D6A .6, [hereafter the S88B : (C`)east component], and a more extended component with a deconvolved FWHM angular size of D16A, associated with the head of the more extended cometary-like H II region S88B1 [hereafter the S88B : (C`)west component]. The boxes shown in the upper panel of indicate the areas on the sky over which Figure 1 we integrated to obtain the spectra of the (C`)east and (C`)west components.
The spectra of the spatially integrated emission from the east and west components, in the LSR velocity range from [5 to 40 km s~1, are displayed in Two features Figure 2 . are present in all but one of these spectra. The stronger feature, at the velocity of D21 km s~1, corresponds to the emission from the carbon recombination line. The weaker feature, at the velocity of D12.5 km s~1, corresponds to emission from a recombination line of an element heavier than carbon. The di †erence in velocity between this line and the carbon line, D8.5 km s~1, suggests that the emission can be attributed to sulfur, as already concluded by and et al. Hereafter we will Silverglate (1984) Onello (1991). assume that this line corresponds to sulfur emission but note that, because of its relatively broad line width, it is possible that some power may be due to emission from silicon. The parameters of the C`and S`integrated line emission from each component, determined by Ðtting two Gaussians to the observed spectra, are given in The Table 2 . Ðtted Gaussian proÐles are shown in as continuous Figure 2 lines.
The average line-center velocities of the carbon emission from the (C`)east and (C`)west components are 21.0^0.5 and 21.1^0.7 km s~1, respectively. The line widths are typically D5 km s~1. Given its narrow line width and strength, it is highly improbable that the C`emission originates from within the H II regions. If the C`gas were inside the H II region, it would share the same turbulent velocity dispersion as the H`gas. The observed widths of the hydrogen recombination line emission from the H II regions, D26 4. DISCUSSION
C`L ine Intensities
The strength of the C`recombination line emission is a function not only of the physical conditions in the photodissociated medium but also of the location of the C II region along the line of sight. If the C II region is behind or beside the H II region, the line emission is likely to be spontaneous emission. If the C II is in front of the H II region, the line emission will be a superposition of spontaneous emission and emission stimulated by the continuum radiation from the H II region. In general, the line brightness temperature, of a carbon recombination line from an iso-T L , thermal, homogeneous, partially ionized medium is given
where and are the line optical depth, the line q L , q L *, q C optical depth under LTE conditions, and the continuum optical depth, respectively. The value is the electron tem-T e perature of the partially ionized region ; is the main-beam T o brightness temperature of a background continuum source ; n and m are the principal quantum numbers of the lower and upper levels of the transition, respectively ; and b and b are the usual departure coefficients from LTE & (Dupree Goldberg The LTE line optical depth for a Cna line, 1970) .
where and n(C`) are, respectively, the electron and n e ionized carbon densities in cm~3, *v is the FWHM line width in km s~1, l is the frequency of the line in GHz, and L is the path length in pc. The continuum optical depth is given by
where is the total density of ions in the C II region in n i cm~3. Equations (1)È(3) show that the line brightness is a functionÈthrough b, and bÈof the electron temq C , q L * , perature, electron density, carbon ion density, and path length of the C II region and of the brightness of the background source. Thus, in general, a range of values of the physical parameters can reproduce the observed brightness of a single recombination line. Observations of three carbon lines would, on the other hand, provide constraints on the physical parameters of the C II region, allowing a determination of the electron temperatures, densities, and sizes of the carbon region and an investigation of whether the line emission is mainly spontaneous or stimulated.
In order to derive the physical parameters of the Cr egion, we computed the intensity of carbon radio recombination lines as a function of principal quantum number for homogeneous, isothermal models. We assume that the total hydrogen number density of the PDR, is given by the n H , condition of pressure equilibrium between the PDR and its associated H II region. The derived densities are n H D4 ] 105 cm~3 and D2 ] 105 cm~3 for the (C`)east and (C`)west regions, respectively (see discussion below). Assuming (1) ionization of all carbon within the PDR, (2) a carbon-to-hydrogen cosmic abundance ratio of 3.7 ] 10~4 and (3) a depletion factor, f, of 5Èrequired (Cameron 1973) , to explain the observed sulfur-to-carbon line ratios (see discussion below)Èthen the number density of C ions, is cm~3. The free param-
H eters in our model are the electron temperature, the electron density, and the path length of the PDR. The brightness temperature of the background source, another free parameter of the model, is in our case constrained from the observations of the radio continuum emission. The departure coefficients were calculated using the & Brocklehurst Salem general program for computation of the (1977) b n factors.
Models were computed for a range of electron densities between 10 and 100 cm~3 and electron temperatures between 10 and 1000 K. The goal was to relate the observed intensities in the three carbon recombination lines to the physical parameters of the photodissociated gas. In Figure  we plot the line brightness temperature of the carbon 4 emission as a function of principal quantum number for both C`components. The line brightness temperatures, derived from the observed peak line Ñux densities in a D10A beam assuming unity beam Ðlling factors, are T L (C92a) \ 1.1 K, K, and and 60 K, respectively. These values were derived from the radio continuum observations with a 10A beam. We Ðnd that the observed brightness of the carbon emission from the (C`)east and (C`)west components is best matched with models in which the photodissociated gas has electron temperatures of D600 and D400 K and electron densities of D80 and D40 cm~3, respectively. The derived parameters L ) of the C II regions are summarized in In (T e , n e , Table 3 . addition, we Ðnd that ampliÐcation of the radio continuum radiation from the background H II region contributes signiÐcantly to the C`emission, particularly at the higher principal quantum number. To illustrate this point we also show in the results of a model of the line brightness Figure 4 from a photodissociated region with the physical parameters given in but with no background continuum Table 3 source (broken line).
Further, to assess the extent to which the line intensities are a †ected by the thermal radiation Ðeld from the immediately adjacent H II regionÈthrough the additional transition rates in the statistical equilibrium equationsÈwe computed models incorporating the presence of an incident radiation Ðeld from an H II region with a temperature of 10,000 K and an emission measure of 9 ] 106 pc cm~6. We Ðnd that, at the electron temperature and electron densities of the PDR, such e †ect on the line intensities is negligible. As mentioned above, the parameters given in were Table 3 derived assuming values of estimated from pressure equin H librium arguments. Even though this assumption seems reasonable, we still investigated how variations in the value of the neutral hydrogen density (by a factor of 3) a †ect the derived parameters of the photodissociated region. The main e †ect of decreasing by a factor of 3 is to produce a n H decrease in the electron temperature by a factor of D2, while an increase in by a factor of 3 is mainly reÑected in n H a decrease of the path length by roughly a factor of 3. We nevertheless stress that the most relevant conclusion from our modeling, that the PDRs are warm, remains unalterable. It is worthwhile mentioning that the isothermal slab models discussed here require neutral hydrogen column densities of D2 ] 1023 cm~2 in order to reproduce the observed carbon radio recombination line intensities. 
di †erences between hydrogenic and dielectronic b coefficients should be smaller than 15% for principal quantum numbers in the range 90È170. These di †erences will modify neither our conclusion regarding the values of the physical parameters nor the conclusion reached concerning the importance of stimulated emission. The good Ðt to the observations made using hydrogenic departure coefficients suggests in fact that dielectronic recombination is not an important process under the conditions of the regions investigated here. Finally, photodissociated regions are unlikely to be isothermal or homogeneous & Hollenbach (Tielens thus the physical parameters derived from our 1985) ; models should be taken only as representative of the conditions of the bulk of the emitting region.
S`L ine Intensities
Sulfur radio recombination lines have been detected, with single-dish instruments, toward a number of regions of star formation where carbon recombination lines have been detected (see et al. et al. Chaisson 1972 ; Pankonin 1977b) . In particular, the detection of emission in a sulfur radio recombination line toward the S88B complex was Ðrst reported by who found that the ratio of Silverglate (1984) , integrated 166a line intensities of sulfur and carbon is 0.39^0.06, about 9 times larger than the cosmic abundance ratio of 0.042 et al. (Cameron 1973) . Onello (1991) reported a S168a/C168a intensity ratio of 0.31. The most likely explanation for the discrepancy between the observed intensity ratios and the cosmic abundance ratio is that a large fraction of carbon is depleted onto dust grains Kuiper, & Brown Sulfur is known to be (Knapp, 1976) . relatively undepleted in the interstellar medium (Morton Cardelli, & Savage 1974 ; SoÐa, 1994) . We Ðnd that the sulfur-to-carbon ratios of line intensities show signiÐcant variations with principal quantum number. In we give the integrated S/C intensity ratios Table 4 observed toward both the (C`)east and (C`)west regions. The S166a/C166a ratios, of D0.3, are smaller, roughly by factors of 1.5È2, than the S92a/C92a and S110a/C110a ratios. This result suggests not only that the ratios of intensities reÑect the ratio of abundances in the gas phase, but also that stimulated e †ects play an important role in the observed variations.
In order to assess quantitatively the importance of stimulated e †ects in the line ratios, we have computed intensities of carbon and sulfur lines using a simple model of the line transfer equation under non-LTE conditions in a two-zone medium. In the Ðrst zone (the C`region) both carbon and sulfur are ionized, while in the second zone (hereafter the Sr egion), which has a lower electron density and temperature than the Ðrst one, only sulfur is ionized. In our calculations we assume that the b and b departure coefficients have the same values for all hydrogenic atoms. We Ðnd that stimulated emission e †ects within the C`region itself are almost identical for the carbon and sulfur lines and, therefore, that they do not produce signiÐcant di †erences in the line intensity ratios with principal quantum numbers. We conclude that the presence of a medium with lower density and lower temperature than the C`regionÈand in front of itÈis required to explain the variations in the intensity ratio with principal quantum number. In a PDR these conditions are naturally found beyond the C`region, since the softer photons that escape the C`region can still ionize sulfur, which has a ionization potential lower than that of carbon and a factor of D24 lower cosmic abundance. Therefore, the size of the S`region is expected to be larger, the mean electron density lower, and the temperature colder than that of the C`region. We can roughly reproduce the observed ratios if the depletion factor of carbon is D5 and if the Sr egion has an electron temperature of 50 K, an electron density of D3 cm~3, and a path length of 0.34 pc. Even though there may be a range of physical parameters of the S`region that could explain the observations, the quoted solution seems the most reasonable. Finally, we note that the observations show that the C`and S`regions have similar angular sizes, while here we require that the Sr egion be larger. These two results are not in contradiction, however, since the observed emission from the C`and Sr egions is mainly stimulated emission, and hence the observed angular sizes reÑect the angular size of the background H II region, not the actual size of the regions. 4.3. T he Relationship between the Photodissociated, Ionized, and Molecular Gas The knowledge of the spatial distribution and velocity Ðeld of the observed H II, C`, and emission from the NH 3 S88B complex allows us to examine the physical and kinematical relationship between the ionized, photodissociated, and molecular gas toward this region. presents a Figure 5 summary of the spatial distribution of emission in the di †er-ent physical components. The upper panel shows a map of the average C166a line emission superposed on a contour map of the 1.4 GHz radio continuum emission, as observed with the same synthesized beam as the carbon observations
The middle and lower panels show contour (14A .1 ] 13A .3) . maps of the velocity-integrated ammonia emission in the (3, 3) line as seen with the VLA (taken from superposed, GGL) respectively, on a contour map of the 8.3 GHz radio continuum emission as observed with a beam (taken 2A .4 ] 2A .1 from and on a contour map of the average C92a line GLG) emission.
clearly shows that there is a close spatial Figure 5 correspondence between the C`components, clumps, NH 3 and the regions of ionized gas, which brings up the question of their physical association. In what follows, we discuss the physical relationship between the ionized, partially ionized, and warm molecular components.
S88B : (C`) East Component
The S88B : (C`)east component is spatially coincident with the S88B2 H II region and with the bright ammonia clump found that the ammonia S88B : (NH 3 )east. GGL emission from this clump arises from a warm gas with a temperature of either 70 or 140 K, depending on whether the clump is, respectively, behind or in front of the H II region. The ammonia clump has a size of D0.07 pc, an average molecular hydrogen density of 3 ] 104 cm~3, and an average line-center velocity of 21.9^0.2 km s~1. On the other hand, found that the region of ionized gas has a GLG diameter of D0.1 pc, an average electron density of 1.5 ] 104 cm~3, an average line-center velocity of 18.1^0.5 km s~1, and a FWHM line width of 26.9^1.4 km s~1. We Ðnd that the C`emission from the east component arises from a photodissociated region with an electron density of D 80 cm~3 and an electron temperature of D600 K. This value of the electron temperature, implying a thermal width of 1.5 km s~1, suggests that the observed width of the carbon emission, of D5 km s~1, is mainly produced by a turbulent component with a velocity dispersion, of D2.0 km s~1. Since the turbulent velocity p turb , dispersion is shared by both the C and H gas, the velocity dispersion of the hydrogen gas in the PDR is p H \ (p turb 2 km s~1. Assuming pressure equilibrium ] p Hth 2 )1@2 \ 3.0 between the H II region and the PDR, n H \ 2n e (p H II /p H )2 D 4 ] 105 cm~3, which was the hydrogen number density assumed in our modeling. An alternative estimate of the gas density can be made from the observations of the sulfur emission. Assuming that sulfur is fully ionized and that the [S/H] abundance ratio in the gas phase is 1.6 ] 10~5 (equal to the cosmic abundance ratio), we derive that the density of neutral hydrogen is cm~3, in good agreement n H D 2 ] 105 with the previous estimate.
From the derived electron density of 80 cm~3 and hydrogen density of D4 ] 105 cm~3, we Ðnd that the ionization fraction, within the PDR is D2 ] 10~4. The ionx \ n e /n H , ization fraction that is expected if all the electrons come from the ionization of carbon in the gaseous phase is x \ [C/H]/f, where f is the carbon depletion factor. Using f \ 5, we Ðnd that x \ 7.4 ] 10~5, about 3 times smaller than the one derived from the modeling, implying that another source of electrons is needed. Taking the ionization of other metals, such as Si, S, and Mg, into account as a source of electrons, we still Ðnd a shortage of electrons by a factor of D1.5. It is possible that some of the electrons in the PDR might come from ionizations of hydrogen. This suggestion is strongly supported by the observations of Garay et al. who detected emission from narrow hydrogen (1998), radio recombination lines arising from a partially ionized gas with an electron temperature of D800 K toward this region.
The line-center velocities of the di †erent tracers give us a clue as to whether the PDR is in pressure equilibrium with its surroundings. The average line-center radial velocity of the C`emission, 21.2 km s~1, is similar to the radial velocity of the large-scale ambient molecular cloud, D22.0 km s~1, as determined from observations with low angular resolution (HPBW of 40A ; et al. Macdonald 1981 ; The small di †erence in velocities Churchwell 1990). suggests that the PDR is in quasiÈpressure equilibrium, slowly expanding into the quiescent ambient molecular cloud. The average line-center velocity of the B2 H II region, 18 km s~1, is consistent with the ionized gas undergoing a champagne Ñow in a direction that is inclined toward the observer, in which case the mean velocity of the ionized gas is expected to appear blueshifted. In fact, Figure 14 of GGL shows that the velocity of the ionized gas at the head of the champagne Ñow is D21 km s~1, indicating that the PDR is in quasi-equilibrium with the H II region, as assumed in our modeling. Finally, we note that the velocity of the ammonia emission from the clump is almost identical to (NH 3 )east that of the ambient cloud. The heating of the clump is NH 3 thus probably provided by the radiation from the exciting star. In conclusion, the similar line-center velocities of the di †erent gas components at the head of the B2 region indicate that they are in a quasi-equilibrium.
S88B : (C`) W est Component
The S88B : (C`)west component is associated with the S88B1 cometary H II region and with the (GLG) ammonia clump found that S88B : (NH 3 )west (GGL). GLG the velocity of the ionized gas from the B1 H II region increases from D21 km s~1 at the head position to D33 km s~1 in the tailÏs region, and they suggested that this cometary H II region is undergoing a champagne Ñow. In addition, they found that the ionized gas has an average electron density of 3.2 ] 103 cm~3, an average line-center velocity of 28.4^0.2 km s~1, and a line width of 25.6^0.5 km s~1. The clump is located close to the head of S88B : (NH 3 )west the cometary H II region, has a size of D0.08 pc, and a mean line-center velocity of D21.6 km s~1, similar to the ambient molecular cloud velocity. Assuming that the (NH 3 )west ammonia clump is in front of the H II region, derived GGL that the emission arises from warm gas with a temperature of D80 K, a total ammonia column density of D 1 ] 1016 cm~2, and a molecular hydrogen density of 4 ] 104 cm~3.
We Ðnd that the C`emission from the west component arises from a photodissociated region with an electron density of D 40 cm~3 and an electron temperature of D400 K. The assumption of pressure equilibrium gives, in this case,
As in the case of (C`)east, the line- The carbon emission does not cover the full angular extent of the S88B1 region but is roughly projected toward the head structure of this cometary H II region. The observed spatial distribution of C`can be explained as produced by the illumination, by the FUV radiation from the central hot star, of the surrounding nonuniform molecular cloud. There are two e †ects that produce observable Cè mission only toward the head of the cometary H II region. First, as discussed above, this emission is due mainly to the stimulated ampliÐcation of the background continuum radiation Ðeld from the H II region. This continuum is strongest at the head of the cometary, since the gas becomes more optically thin toward the tail. A second e †ect is due to the density gradient of the cloud. Theoretically, the intensity of radio recombination lines is expected to decrease with decreasing electron density. Thus, in regions with large density gradients, the intensity of the carbon line emission along the lines of sight in which the ambient medium density is low should be considerably weaker than the emission-line intensity toward the high electron density regions. In fact, single-dish observations of molecular line emission toward the S88B H II complex suggest that the density of molecular gas falls o †, roughly in a east-west direction, away from the S88B1 H II region et al.
(Evans & Fridlund
The presence of such density 1981 ; White 1992). gradients is also supported by the results of the recombination line observations of the ionized gas of which GLG, implies that the density decreases with distance west of the leading edge of the cometary region.
We suggest that the (C`)west region corresponds to a photodissociated region adjacent to a blister H II region, delineating the photodissociated wall of the cavity formed by the evacuation of the ionized gas toward the region of lower density. The lack of extended C`emission can then be understood as reÑecting the decrease in the background continuum and in the C`density with increasing distance west of the focus of the cometary region. The column densities of C`toward the tail of the cometary region are probably insufficient to produce detectable emission in the radio recombination lines. Additional support for the blister-PDR hypothesis is provided by the similar velocities of the C`emission, 21.1^0.7 km s~1, and of the ionized gas at the head position, D21 km s~1. Finally, the similar velocities of the ammonia clump and ambient molecu-(NH 3 )west lar gas suggest that this clump is part of the denser ambient gas that is heated, and thus illuminated, by the FUV radiation from the luminous exciting star of the S88B1 H II region.
SUMMARY
With the VLA, we observed the C92a, C110a, and C166a radio recombination lines of carbon from the S88B massive star forming region. The main results and conclusions presented in this paper are summarized as follows.
The line images show that the spatial distribution of the emission in the three carbon lines is very similar, arising from a region with an overall angular size of D34A ] 18A.
The C`emission can be decomposed into two distinct components : (a) an eastern component, S88B : (C`)east, having an angular size of an average line-center velocity of D6A .6, 21.0^0.5 km s~1, and an average line width of 5.1^1.0 km s~1 ; and (b) a western component, S88B : (C`)west, having an angular size of D16A, an average line-center velocity of 21.1^0.7 km s~1, and a line width of 5.1^1.7 km s~1.
We Ðnd that the carbon components are closely associated with the regions of ionized gas and with warm and dense ammonia clumps within the S88B complex. )east (Go mez 1995). The observed spatial distribution and relative velocities strongly suggest a physical association between the di †erent gas components, with the carbon emission originating in a photodissociated region that separates the region of ionized gas from the warm and dense ammonia clump. The (C`)west carbon component is found projected close to the head of the S88B1 cometary-like H II region. The spatial location and velocity of the (C`)west region suggest that the carbon emission arises in a layer of photodissociated gas at the interface between a nonuniform-density molecular cloud and a region of ionized gas that is undergoing the champagne phase.
We analyzed the observed dependence of the carbon line intensity on principal quantum number, using a simple model of the brightness of the line radiation from a homogeneous, isothermal, photodissociated region. Our modeling strongly indicates that the carbon emission from the S88B region originates in warm photodissociated regions.
From the best Ðt to the observed trends, we derive the result that the photodissociated regions have electron temperatures in the range between 400 and 600 K and electron densities in the range between 40 and 80 cm~3. Further, from the modeling we Ðnd that stimulated ampliÐcation of the background H II region continuum radiation contributes signiÐcantly to the carbon emission from both components. Strong observational evidence for this result is provided by the close spatial correlation between the Cà nd H II regions.
Finally, we detected emission in sulfur radio recombination lines from both components. We Ðnd that the ratios of sulfur-to-carbon line intensities are considerable larger than the [S/C] cosmic abundance ratio and di †erent at di †erent principal quantum numbers, with values in the range between 0.3 and 0.6. We conclude that the large values of the intensity ratios are most likely due to depletion of carbon in the gas phase by a factor of D5, while the observed variation in the intensity ratio with principal quantum number is most likely due to stimulated emission e †ects in a region of low electron density cm~3) and (n e D 3 low temperature K) surrounding the C`region. 
